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The  olivo-eereVeileT  clreulc  plays  *  role  In  the  coordination  of  the  dietal  llmhe. 

The  present  study  vas  proposed  to  determine  the  behavior  o2  individual  neurons  in 

this  circuit,  recorded  chronically  a»  enaemhles  of  10-20  during  testa  of  limb 
ronriUnat^on  scraas  apenranaoue  chane*#  In  llmh  coordination.  Hormone  Cestrous)  and 
circadian  cycles  are  known  to  be  associated  with  improvements  in  the  speed  and 
accuracy  of  limb  trajectory,  and  vill  he  uaed  in  thia  atudy  aa  a  model  of  changea  in  j 
performance.  Underlying  circuit  properties  which  accompany  changes  in  performance  will 
be  assessed  during  performance  paradigms.  Rats,  chronically  Implanted  with  mlcrowlres^ 
in  the  doreal  acceeeory  olive  and  arrayo  of  Purklnje  cello  in  the  paravermal  eerehellam 
will  be  monitored  during  treadmill  paradigms  employing  constant  speed,  variable  | 

acceleration  and  perturbed  gait.  Slagle  unit  discharge  will  then  be  analysed  and  | 

eerralated  with  changes  in  perfomanca  associated  with  hormone  state.  The  following  ^ 
parameters  will  be  sssessed:  1.  step-cycle  correlated  dlscharee.  2.  the  strength  of  ^ 
olivo-cerebellar  connectione,  ueir.g  croee-correletion  techniques,  3.  the  degree  of  • 
aynchronlled  olivary  oacillatory  discharge,  a  putatlva  timing  mechanism  for  rapid  | 
movements  and  4.  changes  in  center-surround  properties  of  adjacent  arrays  of  Pujkijiaj 
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Cerebellar  dreuit  mechanisms  which  accompany  coordinated  limb  traj^tory  patterns 
Use  of  a  modehof  spontaneous  changes  in  limb  coordination 

Reaearch  Ob]ecUves 


in  the  rat! 


limb  coordination  is  known  to  be  altered  as  a  function  of  overall  systemic  state,  such  as  that  asso¬ 
ciated  with  endogenous  variations  in  honnones  (estrous),  dicadian  state  and  arousal.  In  parikulai; 
the  estrous  cyde  is  assodated  with  significant  cydic  improvements  in  the  speed  and  accuracy  of 
limb  movements  in  tenns  of  hurdle  negotiation  and  in  response  to  variable  acceleration  of  a  fraad- 
miull.  The  goal  of  this  proposal  is  tn  quantify  electrophysiological  activity  of  the  rubro-ollvo-  cere¬ 
bellar  dreuit  of  the  rat  associated  with  these  marked  alleraiions  in  performance  state  observed 
across  honnone  and  drcadlan  states. 

1  <  What  changes  in  electrophysiological  activity  of  tha  olivo*  carebdlar  dicuit  are  observed  during 
tests  of  limb  eoordation? 

Kor  this  and  the  following  aims,  chronically  Implanted  mkrowires  will  simultaneuusly  record  unil 
activity  from  ensembles  of  individual  neurons  within  the  rostral  dorsal  accessory  divary  nudeus 
(rDAO)  and/or  Purldnje  cdls  of  the  intermediate  cerebclhun.  The  activity  of  fta  dreuit  will  be 
assesaed  during  chalices  tO  the  sansorimotor  system  using  paradlgrrM  employing  constaitt 
speed,  variable  changes  in  treadmill  acederation  and  disrupted  locomotion  in  order  to  assess  mo- 
tor-oorrdated  activity  from  the  individual  components  of  the  circuit  Activity  of  the  Ihirldnje  cdl 
is  kiwwn  to  be  correlated  with  the  step  cyde  (stance  or  flexion  phase),  while  the  olive  served  to 
signal  evant  changes  or  "motor  error". 

2.  Can  changes  in  the  strength  of  olivo<erebellar  connections  be  observed  across  estrous  associ¬ 
ated  changes  in  limb  uuurdination,  assessed  using  cross<oxTelation  technitmes? 

3.  Do  synchtoniaed  divazy  oadllations  alter  ocross  estrous-  assodated  peitoxmance  state?  Shytii- 
mie  olivary  discharge  has  been  described  as  a  putative  internal  timing  mechanism  that  facilitates 
ra^  alternating  movements  of  the  limbs,  one  parameter  improved  on  estrus.  Therefore,  popula¬ 
tions  of  olivary  neurons  will  be  monitored  across  hurmune  state  to  delermine  the  degree  of  syn- 
duvnized  rhythmic  behavior  during  rapid  locomotion  paradigms. 

4.  Do  ccntcr-surrouiul  properties  of  Purldnje  cells  change  across  hormone  state?  The  contrast 
sharpness  of  center-surround  Purldnje  cell  activity  will  also  be  ttsted  to  detennine  whether  reso¬ 
lution  of  this  system  Improves  as  limb  coordination  improves. 

Research  Status 

Results 


For  tius  protocol  Purldnje  calls  within  the  paravennal  carri>eUum  w’ere  recorded  using  chroni¬ 
cally  implanted  mioowires  to  allow  up  to  23  individual  single  units  to  be  dlsalmlnaied  ^m  one 
rat.  Dlsdiarge  can  then  be  assessed  during  ireadntill  locomotor  paradigms  across  hormone  state 
(estroua  cyde).  The  night  of  estzus  (high  circulating  levels  of  estradiol  and  progesterona)  ia  associ¬ 
ated  with  improved  Kmb  coordination. 
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1 .  Changes  in  movement-coirclattid  Purldnje  cell  discharge  across  the  estrous  cycle 

Discharge  (simple  spike)  recorded  from  individual  Purldnje  cells  during  treadmill  locomotion 
(tread  on)  was  significantly  greater  than  discharge  recooled  during  the  stationary  phase  (txtad  off) 
in  85%  of  the  cells  recorded.  Both  the  circadian  and  estrous  cycles  were  associati^  with  changes  In 
the  ii\agnitude  of  this  locomotorcorrelated  discharge  relative  to  discharge  dining  rest  When  the 
population  data  is  svutuxarized,  a  number  of  significant  changes  can  be  noted  across  the  estrous 
and  arcadian  cycles:  The  maximal  loconvotor-correlated  discharge  (trd  on)  recunled  from  a  Purk* 
inje  cell  occurred  on  the  night  of  BB  (dark)  relative  to  other  days  of  the  estrous  cycle  (P<0.0S).  In 
the  light;  lucumolor  discharge  was  greater  during  proestrus,  &e  day  whan  diculating  E2  levels 
peak,  compared  with  similar  discharge  recorded  during  other  phases  of  the  cycle  (P<0.01).  In  con* 
trast,  the  circadian  cycle  was  not  associated  with  alterations  In  the  magnitude  of  locomotor-come* 
lated  discharge  recorded  on  diestrus.  Locoxnotorcomelated  discharge  was  also  greater  at  the  fatter 
treadmill  speed  (P<0.001)  versus  the  slower  speed/  and  estrous  cyde  changes  in  locomotor  come- 
lated  discharge  were  elso  more  apparent  when  tested  in  rats  run  at  11  rather  than  4  an/sec.  These 
results  are  representative  of  43  cells  (10  rats.  3*5  cells/rat)  for  die  light  pliase  and  49  cells  (10  rats, 
2-6  cells/rat)  for  the  dark  phase  of  tire  lighl:tiark  cyde. 

Estrous  cycle  changes  in  the  step-swing  cyde 

The  step  cyde  can  be  described  as  a  5  stage  event  and  for  this  study  is  comprised  of.  footfoU, 
stance,  early  thnist,  late  thrust  (or  fleidon)  and  swing  phases.  The  duration  of  these  step  cyde 
phases  was  assessed  for  rate  on  estrus  and  diestrus.  R^ilts  of  videotape  analysis  of  b^vior 
indicate  tiutt  the  early  and  late  extensor  thrust  phases  0/  the  step  cyde  are  shortened  by  approxi¬ 
mately  275  msecs  when  evaluated  on  the  niglu  of  BE  compared  with  values  obtained  on  D. 

V 

Estroiis  cyde  changes  in  step  cyde-correlated  discharge 

Purldnje  cell  discharge  recorded  during  treadmill  lucumoUon  in  all  cases  was  correlated  with 
either  the  stance  ur  the  Ule  thrust  (U  or  flodon)  phase  of  the  step-swing  cyde,  as  has  baen  de¬ 
scribed  by  others  (Apps  and  Lidierth,  1989).  The  evoked  discharge  rate  of  a  representative  cdl 
averaged  around  the  IT  timapoint  (i  200  msec)  increased  markedly  on  BE  (from  70  to  92  Hz) 
compared  with  Its  rate  recorded  on  D.  when  the  rat  was  run  at  tite  faster  tieadntill  speed.  In  addi¬ 
tion.  the  timing  of  this  evoked  discharge  was  altered,  as  the  cell  began  to  fire  50  msec  earlier  axwi 
decreased  dis^rge  100  msec  earlier  than  when  tested  on  D.  In  contrast  to  this  finding,  a  slight 
decrease  in  discharge  was  noted  on  BE  compared  to  diestrous  values  when  the.  rat  was  run  at  the 
slower  treadmill  speed. 

When  the  population  data  was  evaluated,  sruudmal  diKharge  irum  90%  of  the  Purkinje  cells 
recorded  correlated  with  die  stance  phase  of  Ihe  step  cyde.  When  tested  at  the  faster  treadmill 
speed,  locomotor-correlated  Purkinje  cdl  dischaigt  was  sean  to  increase  significantly  (PcO.(I2)  on 
behavioral  estrus  (E),  compared  to  values  obtained  on  D,  irrespective  Of  the  Circadian  cycle.  In 
addition,  discharge  during  the  swing  phase  was  either  bwer  or  not  significantly  different  on  E 
than  comparable  discharge  recorded  on  D.  This  differential  effect  resulted  in  a  greater  step  ^le 
modulation  associated  with  an  inereaae  in  circulating  E2:  the  step  cyde  modulation  was  five-  fold 
greater  on  E  (light)  and  two-fold  greater  on  £  (dark)  versus  comparable  diestrous  data.  (The  step 
cycle  modulation  of  discharge  exhibited  significant  differences  at  a  confidence  levd  less  than  0.05 
for  all  groups  except  for  the  diestrous-light  data.)  In  addition,  the  temporal  rebtionship  between 
increeses  in  Purkinje  cdl  discharge  with  the  onset  of  the  correlated  behavior  was  altered  by  the 
estrous  cyde:  Corrdated  discharge  tended  to  precede  the  Step  cyde  correbte  (by  a  mean  130  msec) 
when  recorded  on  E  (dark),  compared  to  D  (?<0.05). 
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The  slower  treadmill  speed  was  assodatc.  signiAcant  dacnaaes  in  both  atancfr-coirelated 
dischai;gc  as  well  as  less  significant  step  cycle  modiUaHon  for  estrous  rats  compa]:ed  with  data 
obtained  at  the  faster  speed  (P<0.0002).  At  the  slower  pace,  oxdy  estious  rats  run  in  tlie  dark  exhib¬ 
ited  significant  step  cycle  modulation  CP<0.02,  stance  versus  swing<oiTelated  discharge).  The  cs- 
tfous-dark  stance-condated  discharge  was  signAcantly  greater  than  diestrous-dark  data  by  a 
mean  35%  (P<0.02);  it  was  also  iwo*fold  greater  than  comparable  data  i«coTdt.d  in  the  light 
a><0.02}.  However,  rats  nin  in  the  light  at  the  slower  treadmill  speed  did  not  exhibit  significaiU 
differences  across  Ae  estrotis  cyde.  l^us,  estruus  and  dicadian  cydes  are  associated  with  changes 
In  step  cyde  modulation  of  Purkinjc  cell  discharge,  but  this  effect  is  signficantly  influenced  by  the 
treadmill  speed. 

Cnrrcctive  gait  response  varies  across  the  estiuus  cyde 

The  corrective  response  to  gait  perturbation  (produced  bj  •  nr  sly  varying  the  treadmill 
speed)  was  assessed  across  the  estrous  cyde.  Both  spatial  and  ^.•mp^.r  indices  of  shoulder  dis¬ 
placement  were  lowest  end  thus  motor  j^ormance  was  optimal,  w  n  .jsessni  during  llie  dark 
on  estnis.  At  this  time,  displacement  of  ^e  shoulder  averaged  1.5  (±  0.02)  ax.  over  a  0.5  0.05)  sec 
period  during  random  dtaiiges  bi  tieadroill  acceleration/deceleration.  Both  '^  "^ametere  were  sig¬ 
nificantly  lower  during  estius-dark  (P'CO.OS)  than  during  the  esirus-light  (4.3  ±1.1  cm;  1.85  ±  .32 
sec)  and  both  diestrus-dark  (4.7  ±1.3  cm;  1.95  ±  .42  sec)  and  diestrus-light  (5.6  ±  1.4  nn;  2.4 1 M 
sec)  phases.  (On  diestnis,  hormone  levds  are  low  during  both  light  and  dark.)  When  assessed 
during  the  light  the  .spatial  but  not  the  temporal  displacement  parameter;  was  sigriflcantiy  lower 
on  estrus  (P<0.05)  than  on  diestrus.  In  contrast  there  were  no  sig^cant  differences  be'twecn  cither 
the  ^tial  or  temporal  parameters  obtained  in  the  light  versus  the  dark  on  diestrus. 

Estrous  cyde  effects  on  Purldnje  cell  discharge  recorded  during  variable  acederatiun 

To  assess  changes  in  olivocerebellar  activity  during  gait  perturbation  the  rats  were  placed  on  a 
tivadmill  whose  speed  (and  aoceleration/decdcration)  was  continuoxisly  vruied.  Most  iwurons 
recorded  in  the  cerebdlum  (39/49)  and  rDAO  (47/59)  exhibited  inrrea.sed  discharge,  relative  to 
both  rest  and  regular  locomotioiv  during  this  variable  treadmill  aoederation  paradigm.  In  general, 
Purldnje  cell  discharge  Increased  at  the  time  of  treadmill  onset,  and  continued  to  increase  to  a 
plateau  during  the  period  of  variable  tre^miU  locomotion.  The  termination  of  treadmill  locomo¬ 
tion  was  accompanied  by  decreases  in  Purldnje  c^  discharge,  which  declined  to  a  nadir  during 
non-  movement  (treadmill  off).  Similarl}^  olivary  discharge  was  increased  during  die  variable  ac¬ 
celeration  paradigm. 

On  the  night  of  estrus,  movement-coirelated  discharge  increased  to  maximal  levels  of  20  ±  5.0 
Hz  by  tlw  second  half  of  the  locomotor  period,  a  67%  Hghcr  activity  level  dian  the  average  rate 
of  12  ±  3.1  Hz,  achieved  during  the  locomotor  period  on  the  day  of  diestrus  (PcO.05).  Purkinje  roll 
discharge  dxiring  non-movement  was  also  greater  on  e-strus  (P<0.05)  than  diestrus.  In  contrast,  at 
treadmill  onset,  movement-  conelated  olivary  discharge  was  decreased  on  estrus  versus  diestrus 
(average  frequency  3.8  ±  0.7  vs.  7.6  ±  2.0  Hz,  respectively,  P<0.05).  Olivary  discharge  during  non¬ 
movement  was  nut  signiflcanlly  altered  across  the  estrous  cycle. 

2.  Estrous  cyde  effects  on  the  strength  of  obvo-cerebellar  cross-  correlations 

Cross  correlation  analysis  revealed  estiuus  cycle  bnfluences  on  the  strength  of  oUvo-cerebellar 
fuiKlional  connections,  l^kinje  cell  discharge  averaged  around  the  spking  of  a  rDAO  neuron 
was  bxcreased  by  on  average  of  30  ±  8.1%  on  estrus  compared  with  values  observed  on  diestrus 
(P<0.05). 
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3.  Olivary  activity  acroas  hormona  aUta  (light):  Variable  acceleration  paradigm 


Use  of  a  variable  acceleration  traadmill  locouwiion  paradigm  (\^rith  random  alteratioita  in 
speed  and  acceleration)  produced  olivary  discharge  rates  increased  by  as  much  aa  21  %  above  those 
obtained  during  constant  spaed  iocomotion  or  non*  locomotion.  'I'hi.4  increase  in  discharge  during 
random  (and  therefore,  unpredictable)  changes  in  treadmill  speed  may  ndlect  tlw  event  signal 
function  of  the  Inferior  olive,  as  predictable  mov^ient  (or  lack  of  movement)  increased  olivary 
discharge  very  Ulile  or  not  at  all.  Oscillatory  activity  of  this  neuronal  population  is  thought  to 
represent  an  Internal  timing  device  which,  whan  synduoniaed,  functions  to  coordinate  activity  of 
a  sagittal  array  of  Pivkinje  cells  and  can  jfadlitate  rapidly  alternating  movements.  Rapidly  alters 
nating  movements  are  required  by  this  txvadnull  pandigui,  and  performance  usirtg  this  paradigm 
is  fadlitaled  on  estxus,  following  elevations  in  hodi  £2  and  P.  Therefore,  this  study  was  design^ 
to  investigate  influeiKes  of  these  hormones,  injected  separately  nr  .sequentially,  on  the  syndiro- 
nized  oscillatory  activity  of  populations  of  up  to  23  neurons  recorded  per  rat. 

Homione  treatment  markedly  enhanced  both  the  syiKhronized  activity  and  the  oscillatory 
activity  of  the  population  of  olivary  neurons  tested,  an  eff^t  dependent  on  the  particular  steroidfs) 
injected.  On  diestrus  Qow  hormone  state),  40%  of  the  population  of  43  rDAO  neuiuns  (assessed  in 
5  rats)  discharged  synchronously,  with  4  of  43  cells  exhibiting  a  3  Hz  oscillation.  These  results  were 
obtained  during  the  variable  acceleration  paradigan,  recorded  during  the  light  phase  of  the  cir¬ 
cadian  cycle  when  performance  has  been  shown  to  be  less  than  optimal  Progesterone  administra¬ 
tion  (5  ugs,  i.p.)  increased  to  26  the  number  of  synchronixed  neumns  and  Increased  to  18  the 
number  of  oscl  Hating  neuron.  Following  treatment  with  E2,  alone  or  in  combiivallon  with  P,  90%  of 
the  total  olivary  population  was  »yrKhrDi\ized.  However,  only  combined  hormone  treatment  in- 
avased  Uic  number  of  neurons  exhibitin^ga  3  Hz  oscillation  to  S0%  (36/43  cells).  The  results  ob¬ 
tained  with  dual  hormone  treatment  are  similar  to  those  nhaerved  on  estius  (light),  following 
endogeitous  increases  of  these  hormones  in  the  circulation.  Administration  of  £2  <dune  produced 
effects  on  oscillatory  behavior  similar  tu  tliuse  observed  after  administration  of  P  alone  Thus, 
vlevalions  in  drculating  estrous  hormoruis  are  associated  with  conversion  of  a  non-osdllatmg.  40% 
synchronized  population  of  neurons  to  one  in  which  8(k90%  of  the  population  exhibits  synchro¬ 
nized  oscillations.  Synchronized  oscillations  predominate  during  hormonal  conditions  of  inv 
proved  performance  which  require  rapid  alternations  in  limb  movements. 

Synchroruzed  olivary  oscillatioxw  across  hormone  state  (dark):  Variable  acceleration  paradigm 


1'hift  study  assessed  the  number  of  S^hronized,  oscillating  olivary  neurons  recorded  during 
the  dark  phase  of  the  light:dark  cycle  from  rats  using  the  variable  acceleration  treadmill  paradigm. 
Resulls  were  then  compared  across  the  estrous  cyde.  In  general,  performance  on  this  paradigm  is 
improved  when  assessed  during  the  dark  rather  than  the  light  pha.ee  of  the  lighldark  cyde.  Per¬ 
formance  is  maximal  on  the  night  of  behavioral  estrus  following  elevations  in  boUi  £2  and  P.  Thus, 
this  study  further  investigated  tire  hypothesis  tirat  improvements  in  performance  on  this  task  in¬ 
volving  rapidly  alternating  changes  in  speed  are  correlated  with  a  higher  percentage  of  synchro¬ 
nized,  oscillating  neurons  within  the  poj^iiatiOTt  tested. 


Wlien  recorded  during  the  optimal  performance  state  on  estrus,  100%  of  the  43  neurotrs  re¬ 
corded  exhibited  synchronized  oscillations.  On  diestrus,  70%  of  the  olivary  population  recorded 
during  the  dark  exhibited  synchronized  oscillations.  Thus,  this  finding  supports  the  hyputhtsis 
that  tlwre  is  a  correlation  be^een  perfumance  and  tlie  degree  of  synchrordz^  oscillatory  behav¬ 
ior  of  olivary  neurons. 
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4.  EBtxo\u  cycle  effects  on  movement-cnnelated  Purldnje  cell  cUschat]^e:  Center'SVUiound  proper* 
ties 

IWo  types  of  bthavlon-neuiun  coirdatiotvs  were  observed  during  the  recording  of  Purldnje  cdl 
discharge  from  the  paraveimal  cerebellum  (forepew  receptive  field)  of  a  rat  during  intermittent 
locomotion  on  a  treadsnlU.  The  najority  of  &e  cdls  tested  (39/4S)  exhibited  increased  discharge 
(simple  spike  activity)  corrdated  with  ^  stance  phase  of  the  step  cycle  during  treadmill  locomo* 
tion,  as  hu  been  destoibed  In  previous  reports  from  our  laboratory  (Smith  et  id.,  1989)  and  others 
(Orlovsky,  1978;  Anxtstrong  and  Edgley,  1984;  Apps  and  lidierth,  1989).  The  discharge  of  the  re» 
maining  sub-poptilation  of  cells  tested  was  suppressed  during  treadmill  locomotion. 


The  activity  of  these  two  populations  of  neurons  was  differentially  modified  between  late 
proestrus  and  estius  following  elevations  in  circulating  £2  and  P  At  this  time,  the  activity  of  the 
movement-activated  subset  of  Purldnje  cells  was  increased  by  an  average  of  115  ±  10.2%,  com¬ 
pared  to  discharge  of  the  same  neurons  ivcoided  on  diestrus,  when  hormone  levels  are  compara¬ 
tively  lower.  In  contrast,  activity  of  the  movement-suppres^  subset  of  Purldnje  neurons  was 
further  suppressed  on  late  proestnis/estrus  compared  with  diestrmts  values.  For  the  entire  sam¬ 
ple  of  10  neurons  (of  a  total  4V)  which  exhibited  movement-  suppression  during  diestrus,  a  mean 
84.6  ±  6.7%  increase  in  suppression  was  observed  on  estrus  (versus  diestms).  Thus,  Increases  in 
both  excitation  and  suppression  of  Purkinje  cdl  diKharge  are  observed  on  estrus,  the  period  of 
enhanced  limb  coordinetioiv.  This  may  be  reflected  in  an  enhancement  in  tha  contrast  of  center- 
surround  properties  of  arrays  of  adjacent  Purkinje  cells,  lliis  increa-se  in  gain  or  "contrast"  may 
result  in  a  finer  resolution  of  processing,  analogous  to  the  role  of  contrast  enhancemnt  in  visual 
perception.  A  more  accurate  readjustment  of  the  limb,  via  gain  changes  in  Purkinje  cell  discharge 
may  ^  the  physiological  outcome. 
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